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Under the terms of this grant, studies were made of the structure
of the plasmasphere as seen by radiosounder measurements aboard the
Alovetti-il satellite. During the early phases of the work, magnetic
tape data files were obtained from the NASA Ames Research Center to give
a reasonably complete set of high latitude electron density profiles.
Owing to internal data processing difficulties, Ames was able to provide

these data only after considerable delay (8 months).

During the period between the initial data request and data avail-
ability, considerable effort was expended to develop models of ion flow
in the topside ionosphere. These models took both H+ and 0+ into account
and permitted various parameter studies to be made of the various factors
which affect H+ escape in polar wind flows. The results of these studies
were published as an initial paper in the 1972 "Critical Problems in
Magnetospheric Physics" symposium held in Madrid, Spain. A copy of this

paper is included here as Attachment I.

When the NASA data became available, extensive computer programs
were written te display the measured electron density profiles in ways
useful to geophysical analysis. It was found that the expected mid-latitude
troupgh was easily discernable in the nighttime ionosphere at locations ex-
pected from similar observations of the plasmapause. In the dayside iono-
sphere, however, it proved extremely difficult to find any trough-like
phenomena in the electron density. Using the previously developed computer
models, it was possible to study the region where the plasmapause appeared
to be absent. - It was found that over much of the dayside, large H+ fluxes

were computed well inside the plasmapause extending down to L-shells as



as low as 2.5, This morning flow has been described in detail asda
paper given as Attachment IT which will soon appear in Planetary and

Space Science.

Further studies were undertaken to develop ideas concerning the
relatiom between the location of the plasmapause as it is found in the
equatorial plane and the location of the ionospheric trough. Briefly,
it was found that a good correspondence can be expected only in the
nightaide during periocds of moderate to disturbed magnetic activity.

In the dayside the trough is at lower latitudes than the plasmasphere
owing to the way H+ must replenish magnetic field tubes of considerable
volume. A paper discussing this effect has been submitted to the Journal

of Geophysical Research and is included here as Attachment III.



ATTACHMERT I

BEHAVIOR OF THERMAL PLASMA IN THE
MAGNETOSPHERE AND TOPSIDE IONOSPHERE

Pater M. Banks
Department of Applied Physics and Information Science
Universicy of California, San Diege
La Jolla, California 92037
T, 8.A.

Intreduction

Radio measurements of whistlers In the early 1950's [1] prowided the first direct
evidence for substantial amounts of thermal plaswa (n_ ~ 500/cm”) at altitudes of
several earth radii. Using the charge exchange reaction of Dungey [2], Johmson [3]
identifted this plasma as H" of ionospheric origin. Further interest in the plasma of
these very high regions was spurred by the spacecraft [4] and radio whistler {5}
discoveries of the plasmapause, and the realization that the high depsity plasma
_ eavelope surrounding the earth was shaped in the form of a distorted torus [6].

Many of the early ideas about the plasmasphere tended to ignore obvious connection
between the jonosphere and the thermal particles at large distances from the earth.
Although it was often thought that the transition from the O of the upper Fo-region
to the B' of the magnetosphere could be described In terms of gulescent equili-
brium of a diffusive character, recent measurements [7] and theory [8] suggest the
existence of far more dymamic flow states throughout much of the magnetosphers. It is
this dynamic behasvior which is the topic of the present review. Although the varleties
of therwal plasma behavior are considerahle, it now appears that many puzzling plasma
features of the plasmasphere, the high latitude polar regions and the global topside
ionosphere can be explained in a qualitative, and sometimes quantitative sense.,

To set the stage for this review, Figure 1 shows a recent model of the magneto-
spheric environment. Of special interest for the thermal plasma behavior is the
pPlasmapause, a sharp gradient in electron density aligned perpendicular to magnetic
L-shells ranging from L = 4 in the moraning sector to L = 7 in the afternoon. A
schematic diagram of the equatorial projection of the plasmapause is given by Figure
2, taken from the work of Chappell, et al. [9].

There appears to be little doubt that the principal factors involved in the
formation of a plasmapause are the general cross tall magnetospheric electric field,
the ca~rotation induced terrestrial electric field, and the existence of a finite rate
at which the ionosphere can provide thermal plasma to the magnetosphere, A simple
model of the plasmapause can be constructed in the following way: The principal
thermal ion of the topside ionosphers and magnetosphere is HY which has its origin
in the upper Fo~regiom from the charge exchange reaction :

ot+ra = E +o0 (1)
kf E— .

with rates k. = 2,5 x 1('.1—11 T %'cmalsec and kg = 2.2 x 1071 ¢ & cm3/52c determined
o i
from recent experiments [10],

In equilibrium, (1) gives the H+/0+ dengity ratio as

a(/ a©h = 9/8 s /m@) /1), 2
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When an excess of ﬁ+ is present owing to ioward iom transgort, Equation (1) acts
as a sink, converting Ht into 07, When there is a deficit of H resulting from an
outflow of ioms, {1} acts as a source and tends to reduce the 0" demsity. These
actions are closely related to the diffusive character of the upper ionosphere and
virtually all production or loss of H' occurs im the altitude Tange 550-900 im.

When unbalanced pressure gradients, gravity or other external forces are preseat,
plasma flow is rapidly established along the magnetic field lines. In the absence of
external electric fields tramsverse to %, the plasma flow is constrained to be parallel
to B and the steady state density distribution along a field line reflects the
bouyancy of HY in OF with the lighter gas essentially floating ppon the heavier as a
result of gravitationally induced electric fields parallel to B,

As changes occur In the pressure and density of the 0% of the Fy-region,
variations propagate through the H" plasma and inward or cutward flows may occur as
the plaspa system seeks a pew equilibrium. For the most part, however, deviations in
plasma density in the outer sections of the field tube age not larg-f,-1 and_a typlcal
equatorlal ion concentration is of the order 5 x 102 en2 to 5 x 103 ca3 .

. To progtess further with the model, suppose- that beyond a certain latitude {or

L shell} a transverse electric field Is present. If properly oriented, such a field
will drive plasma away from the earth in a direction orthogonal to E and B, If this
field is sufficiently strong, the plasma will reach the magnetopause In a reasonably
short period of time (6 to 12 hours) and will be permanently lost to.the solar_wind.
The efiect of this cvtward flow upon the fon density of the region exposed to E will
depend upon the rate at which ifonization can flow out of the ionosphere to replace
the ions drifting across magnetic field lines. For H' this flow is greatly restricted
by collislons with o in the regions below 1000 km zltitude and, as a consequence, the
ion density of the regions exposed to the magnetospheric convection electric field is
very low (ne ~ 1672 cm73) [91. Comparing the characteristic ion densities for the
relatively stationary H' and that which is subject to E X % drift, it is seen that the.
plasmapause represents the approximate Iimit of penetration of the magneftospheric
convection electric field., However, as discussed later, conditioms other than
% x B drift can give rise to low K" densitifes in the transition zome of the topside
ionosphere. In such cases, there is no simple relatfonship between the plasmapause
as seen far from the earth and the ionization discontinuities seen in the ionosphere.

" Making use of the foregoing ideas, it 1s possible to explain more clearly the
peaning of Figure 2. 1In the tail of the magnetosphere, the convectlon electric field
1ies in the dawn to dusk direction and the thermal plasma flow is towards the earth,
as indicated by the dotted plasma trajectories. Owing to the frozen field comcept,
there are two ways of viewing this motion. The first is to regard the plasma as being
driven across fixed magnetic field lines. Plasma at any height above the equatorial
plane is forced to move orthogonal to Fand B which, in this case, impllies not only a
motiop towards the sun, but also a velocity component towards the equatorial plame.
Owing to the convergemce of the magnetic field, there is a compression of the plasma
which is not uniform along a given field line and parallel redistribution flows are
needed to maintain the plasma parallel force balance. Although it is not obvious in
this formylatien, the fact that the magnetic field lines are equipotentials Insures
that the E * B velacity of plasma across a given field fine varies in such a way that
the plasma moves uniformly from one field line to the mext.

The second formulation of the £ x B drift problem is based on this last condition.
Plasma and magnetic flux tubes are considered to move together with the plasma con-
tained in a given field tube underpgoing compressional and redistributive gffects as
the field tube itself moves under the influence of the external electric field. FPlasma
contained in a given field tube can be lost or replenished cnly through the feet of
the field tube; i.e., a dipolar field tube acts as a reservoir of plasma which iz free
to flow parallel to % in response to pressure gradients or other parallel components
of external forces,
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Returning to the diagram shown In Figure 2, the inward flow of plasma from the
tall represents both a compression of ambient plasma and a net equatorward motion of
plasma 1n the iomosphere. As the magnetospheric flow passes the morningside of the
earth, no further changes in plasma density occur until the trajectories of the motiom
move away from the earth towards the magnetopause,when a simultageous rarefaction
and poleward motion of the ionosphere omccur. Although the nightside compression and
dayside rarefactions are real and important effects, the overall lon density in this
outer convection tegian Ig very low owing to the very low plasma density in the tail
of the magnetosphere. This, of course, is related to the relatively sluow rate of
ionospheric plasma replenishment.

Tngside the plasmapause the magnetospheric convection electric fileld is mostly,
but not completely, absent. As a consequence, the thermal plasma of the plasmasphere
tends to rotate with the earth, or at least with the atmospheric regions between 100
to 150 ke where dynamo electric fields are generated. Owing to the influence of the
convection electric field the ides of co-rotation fs thought to be progressively
poorer as ¢ne approaches the plasmapause [11], An indication of the departure from
co-rotation is given in Figure 2 by the black dots which portray hypothetical
time marks in the equatorial movement of thermal plasma. If one traces the cyele of
rotation between L = 3 and L = 4, it is found that there Is a substaantial slowing of
plasma mwotion in the bulge region; i.e., a westward drift of jonization is present
in the icnosphere as the field tubes are influenced by the convective electric field.
At lower latitudes such an effect is absent during magnetically undisturbed times
and a more petfect co~rotation is achieved.

Diurnal changes in the Fy-region produce flows of thermsl plaswa within the
plasmasphere. In addition, the presence of an afternoen bulge in the equatorial
plasma profile indicates that significant changes occur dn the wolume of the plasma-
spheric magnetic flux tubes, In the sunlit sectors these volume changes are primarily
expansions with a eonsequent cooling of the plasma and the establishment of an upward
refilling plasma flow from the ionosphere., At nlght the opposite effect occurs. The
volume decreases, the plasma is heated, and H' is forced out both ends of the field
tube into the nighttime Fz—region. )

With the foregeing dideas providing a conceptual framework, it is possible to
study a wide variety of experimental data te provide a quantitativa verificatilon.
Each of the following sections is devoted to a particular aspect of thermal plasma
behavior.

Effects of Hf Flow

+ A biief desceription of the chemical processes affecting the formation and loss of
H and 0 in the topside iovosphere was given in the last section. Although the idea
of chemical equilibrivm at low altitudes matched by diffusive equilibrium sbove is a
convenient concepk, it bears little relationship to the actual flow condiripns present
as a cansequence of jonization exchange between the ionospere and magnetosphere.

The basic equations needed to describe the altitude discribution of 0+ and H+
have been glven elsgewhere [12]. Results of ion composition cowputations based on a
realistic model of the topside lonosphere are shown in Figure 3. At low altitudes
chemical equilibrium is assumed present. Owing to the increase in the ratio n(H}/n(Q)
with altitude, the ut density also rises rapidly. To introduce the possibility of ut
flow, H ut density grofiles are shown for four values of the § density at 3000 km'
i.e., 103 s, 3 % 107, 8 x 107, 9 x 103, and 1.5 x 10% ions/em®. Each of these H'
boundary densities corresponds to a different H' flux, the values for the given
boundary densities ranglng from .35 x 10% 1onsfcm2/sec for the low Y density to
-2.3 x 10% {ons/cm?/sec for the high H' demsity. Since a negative flux corresponds to
plasma Inflow, the rightmost profile in Figure 3 is typical of a fisld tube which
supplies the ionosphere with "t and, thrauih charge exchange, o*. In a similar fmanner,
the lowest H' densities are reached when H' flows out of the ionosphere. The condition
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of diffusive equilibrium is not shown, but lies beweeen the two closely spaced
profileg. The fact that the Bt flux changes from 2.5 * 107 ions/cm?/sec to -2.1 x 106
ions/em“fsec for a 12% change in the H' houndary demsity Eives an indication of the
sensitivity of the ionization flux to the high altitude H™ density.

. With regard to the ot density, a range of values 1s obtained which depends wpon
the Kt profile. The most rapid decrease of 07 density with altitude in Figure 3 is
associated with the highest density H' profile. Likewise, the least rapid decrease
of OF density with altituds is found for the low density ' profile. Such a behavior
relates directly to the magnitude of the gravitational induced charge separation
electric field acting parallel to B. When H" 1s the dominant fon, this electric field
is small and D+, as a minor constituent, recelves Little support so its density de-
creases rapidly with altitude. When H+ is a minor constituent, a large charge
separation field is present and the 0 density falls off slowly with altitude.

For many purposes the interchange of ionization between the ionosphere znd mag-
netosphere is best described in terms of the reservolr model given in the last
sectilon. Within the plasmasphere, field tubes daily expand and contract under the
influence of electric fields, thereby inducing continual lonization flow. The mag-—
nitude of the HY Flux associated with changes in the reservoir (3000 km) density is
illustrated in Figure 4 using the same ionospheric model shown in Figure 3, Im this
model the H dengity at 3000 km is greater than 9 x 103 ions/ca” plasma flows into
the icnosphere, while for smaller densities am outflow oceurs. The extreme sensi-
tivity of the inflow flux to reservoir density 1s apparent.

A different behavior is found as the H' boundary denstily is lowered sincs the
' outflow rapidly approaches a limiting flux such that large decreases in demsity
produce no change in flumx. Such a situation is not related to the subsonic or super-
sopic nature of the flow {(the density profiles of Figure 3 correspond to subsonic
flow) but depends upon the rate of Hi‘diffusion through 07 (the barrier effect) and
the rate of H" production via reactiom (1) [13].

Since chanpges in the H+ resarvoir density affect the ut flux, it is to be ex—
pected that changes in the loncspheric Fy-region 07 density at 500 kn will produce
similar effects, To illustrate this, Figure 5 shows the variation in #" flux when
the 3000 knm t density is held fixed at 10¥ jons/ecm” while the 300 kun ot density 1is
changed. Diffusive equilibrium for the coupled w70 system occurs when the o den—
sity is about 5 x 10% ions!cm3. If the 0T density is larger than this wvalue, there
will be an outflow of K, while a smaller value leads to an imward flow. Results such
as these are clearly important to the question of the pighttfme maintenance of the
Fz-layer [14].

. An important aeronomical aspect of thermal plasma flow relates to the density
of the neutral hydroger needed to produce any B flaw. The dependence of the Bt flux
en this parameter is shown in Figure & where three neutral hydrogen densities have
been used with the previcus o* boundary value of 1.38 x 10° ionsfcm3 at 500 km. As
hydrogen becomes less abundant, the diffusive equilibrium i boundary density
diminishes. As predicted by theory, the limiting H' flux is found to be directly
proportional to the neutral hydrogen density [13). Since 7 x 10% atoms/cm3 is not
atypleal of the hydrogen concentration for moderate solar activity, it appears that
the rate of plasma flow will have a significant variation between $olar minimum and
solar paximum conditions. An example of the short term changes in neutral hydrogen
density has recently been given by Mayr and Brinten [15]. ‘

The altitude dlstribution of H™ depends strongly upon its flow speed relative to
d+ and the relative H+/O+ denasity ratio. Examination of Figure 3 shows that oace wt is
the dominant ion there is mno apparent difference between the inward ox outward flowing
solutions, Such a result follows from the basic eguation of motion for H' and halps
to explain why density distributions which geem to be representative of diffusive
equllibrium can actually correspond to substantial ionization transport.
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To show this, the steady state 8" momentunm equation can be written as

dy 1 4dp 1 dpe
B b L vy @)
ds =nm ds n_m ds

ER
where u 1s the tramsport parallel ta ﬁ, s is a coordinate along %, n and ng are the H
and electron demsities, m is the gt mass, p=nk T; and p, = n, k T, are the and
electren gas pressures, gy is the parallel component of gravity, v is the /ot trans-
port collision frequency, and the 0 is assumed stationary.

Consider the high altitude case where HY is the dominant ion; i.e., = Ty
Equation (3) gives
u—-—-+-—-—"P-+g = - yu (15)

where Pp =Py + p.
+
When B is the dominant ion far above the Fp-layer, the term v u of (4) is nar-

mally very small., If the flow is such that the term u du/ds is small, (4} can be
written as

— 2, =0, | e

precisely the distridution attributed to diffusive equilibrium, even though u itself
may be large and of eirher sigm.

Another feature of (5) involves the importance of thermal gradients in determining
the actual dansity profile. Letting '1'p =T, +T;, (5) can be written as

1 dne mg 1 éar
—_— e . P (6)
n_ ds kT T 4ds :

e P P

so that when dT_/ds mg”/k thermal gradients, rather thaa gravity will determine the
altitude vatiatgon of the 0" density. For mid-latitudes, thermal gradients grester
than 0.5°% ko will significantly affect rhe H' altitude distribution, a positive
gradient reducing the density more rapidly with altitude than would gravity acting
alone.

Thermal Plasma in the Plasmasphere

The diurmal exchange of plasma between the topside ionosphere and plasmasphere has
been indirectly measured by incoherent scatter radars at Millstone Hill, Massachusetts
and Areecibo, Puerto Rico [16]. The Millstone Hill results show large inward and out-
ward flows on the order 108 ions/cm?fsec during magnetically quiet perids; i.e., when
the plasmasphere is probably in a steady state condition.

The conditions establishing the diurnal flow are found both within the lonosphere
and the magnetosphere. Even if there were a strict co-rotation of the plasmasphere, the
changes in Fp-reglon density and pressure are large enough to drive large HT flows in the
high altitude regions, For example, between 0600 LT and 1200 LT it is not uncommon for the
Ot deusity at 500 km to increase by a factor of five or more. Referring ro Tigure 5,
such an increase leads iemediately to the flux limited flow of H' which, owing to the
large volume of mid-latitude magnetic flux tubes, cannot greatly affect the 3000 km
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reservoir boundary density for a long period of time. (If 108 ions/cmzlsec‘flow into
2 yolume of 10V cp~, a peried of 107 sec 1s needed to increase the density from
107 ions/cad to 2 x 10% lons/cn®.) This implies that for this simple model the plasma
density of the plasmasphere is determined by the relatively long £illing time and
should not change greatly from day to dsy since any surplus reservoir density will be
lost very rapidly (there is no limit to the rate of inward flow).

Although such a simple model is useful conceptually, it does not adequately
describe the actual vaviations kmown to exist within the plasmasphere. To begin with,
the F,-region undergoes continual variations which are related to the presence of
thermospheric winds. Since these changes are of a somewhat irregular nature, the
ionizaticon of the plasmasphere must undergo a continual agitation with the presence
of compression and rarefaction waves.

Ferhaps a more serious variation is related to transverse electric fields having
their origin in the mid-latitude dynamo system [17] and the partial penetration of the
magnetospheric convection electric field Into the outer plasmasphere [18]. The dynamo
electric fleld is established in the lower thermosphere by the flow of neutral winds
driven by solar heatlng of the neutral atmosphere. Theoretical studies have shown
that_:che electric flelds established by the dynamo system result in certain regular

% B drifts which preveat a strict co-rotation of the high altitude plasma. Typical
values of E, are of the order 1 to 5 m volt/m can give jonospheric plasma drifts as
large as 100 m/sec. Such drifts, if directed towards the magnetic poles, imply
changes in the volumwe of the magnetospheric magnetic fiux tubes and a redistribution
of enclosed plaswa; 1.e., flow between the fonosphere and rhe plasmasphere.

A more important effect of the same type arises from the partial penetration of
the convection electric field discussed In the first section. Referring to Figure 2,
magnatic flux tubeg between L = 3 and L = 4 tend to be slower than co-rotation in the
afternoon bulge region znd faster in the morming sector. In addition, field tubes in
this same region have simultzneous changes in L value which can greatly alter the
total volume. For example, a field tube at L = 4 in the morning sector may expand to
L =46 in the bulﬁe region. (A schematic sketch of this effect is shown in Figure 7.)
Since volume « L%, there 1s a five fold increase in volume, a similar decrease din
ion density, and, if therelation PV’ holds, a factor of 15 decrease in the total
plasma pressure. Such a change in the plasmasphere pressure must lead to a replenish-
ment flow of HY with a consequent decrease in HY density in the topside transition
region; i.e., the flow conditions of Figure 3 apply.

In the nighttime an analogous compression of high altitude plasma must occur with
there being a large increase in plasma density and pressure as the fleld tubes drift
from L. = 6 to L = 4. In fact, such a compresslon of an already dense plagma can lead
to a sharper density gradient st the plasmapause than might otherwise be expacted.

Although it 1is conveznient to assume that motions of field tubes are accompanied
by a very rapid redistribution of the thermal plasmza along the field tube, such a
process may be sufficiently slow to permit sizeable parallel pressure gradients to
exist. In the nmightside compression, for example, there iz a differential effect
which tends to compress the plasma more strongly in the equatorial region than at other
points along the same field tube. This creates a positive pressure gradient which
drives anm initial flow towards the earth at speeds of 1 to 10 km/sec.

It is clear from the foregoing discussion that drift motions across L shells will
drive plasma into or out of the plasmasphere, While the inward flow rate has no
‘ theoretical limit, the outflow does and in this situation the o* to B transition
moves upwards to great heights (see Figure 3).

Effects of Magnetic Disturbances

Observations ef tlie location of the plasmapause show a strong dependence upon
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magpretic activity [19]. This variation 1s clearly shown in Figure 8, taken from the
work of Chappell et al. ][9] and based on OG0~V thermal ion measurements in the night-
time regions. In essence, increases In the lewvel of magnetic activity move the
plasmapause te lower latitudes through an intensificaticn of the convectien electric
field. The thermal fcnization in the newly exposed field tubes is rapidly swept away
-and an spward Elow of ¥t from the ionosphere immediately hegins; i.e., the polar wind
i5 estaplished to the new plasmapause.

As magnetic activity declines, the convective electric fileld weskers sveh that
plasma is no longer svept away to the magnetopause over the region previocusly exposed.
dn other rerms, the field tubes once again co-votate with the earth and are subject te
‘the diurpal ebb and flow effects. However, since virtually 211 plasma in the field
#ube was lost during the disturbance, a long period of refilling must Follow before a
wready state Is reached. In the injtial refilling period the thermal plasma density
#s sufficiently low that the upward K" flux is supersonic [20]. This implies the
#Hormation of a shock travelling down the field tube and an eventual trassition te
wubsonic flow. The upward flux of fonization is unaffected by these matters, however,
mnd continves at its Fflux limited velue until nearly steady state conditions are
ireached,

Dhservations of the refilling process have been made [21] using the characteris-
wles of radic whistlers. COwing to the relatively slow rate of refilling, it appears
ithat 5 to 8 days are required to replenish the emptied mid-latitude field tubes.
‘Bince magnetic disturbances tend to occur more frequently than this, the plasmasphere
irecovery from one storm may not be completed before apother ecyele starta. This would
‘tend to keep the exposed regions in continual flow and reduce the plasma density below
cequilibrium values.

. Another aspect of magnetic storms 1s the way in which the high zltitude plasma
of the old plasmasphere is lost. On the dayside of the earth a stromger convective
field results in a drift of plasma towards the magnetopause (towards high latitudes

in the ionosphere). This is equivalent to a reduction in plasma pressure and the
fonosphere responds with an upward H* replenishment flow. On the plghtside thexe is
a tendency tw compress the plasmasphere towards the earth; i.e., plasma is moved in—
wards to lower L values and lost through parallel flow through the feet of field tubes
to the upper ¥p-region., This flow will enhance the Fy-layer density zad move the peak
to a higher altitude. Again, it must be realized that there is a clear relationship
between cross L shell movements of ionospheric plasma and an associated flow of
plasma along the lines of magnetic force.

Thermal Plasma Behavior at Hich Latitudes

Several recent reviews have baen given of the conditioms affecting the topside
thermal plasma in those regions of the earth lying cutside the plasmasphere [22].
Ouving to the presence of the convection electric field plasma is continually swept
away from the earth in the direction of the front of the magnetopause (see Figure 2).
This sweeping effect is responsible for electron znd ion pressure gradients directed
along the magnetic fiszld 1lines. This, in turn, establishes an upward £low of B* whose
source, givem by (1), lies in the upper F,-region. BHecause the sweeping action of the
% x K drifr is Tapid, the plasma densities within the magnetosphere are low and the
,iomspherg supplies B at the maximum rate possible with fluxes in the range 7 x 10
to 2 x 10% ions cn 2sec™l, '

Typical {on density profiles computed for 2 summer polar cap are shown in Figure
9. The corresponding EY velocity, given in Figure 10, indicates that the flow
‘eventually becowes supersonic. Although the term polar wind was originally adopted
4{23) to describe this supersonic flow for the regionsg where the gesmagnetic field
lipnes coomect to the magnetosheath, theory and experiment shew that wirtually all
rveglons outside the plasmapause have large escape flows of HY. As showm previously,
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the magnituds of the flux is wirtually independent of the supersonic condition.
Hence, the term polar wind can be used to describe the geraral high latitude plasma
escapa process, even though the flow itself may not be supersemic at a given altitude.

To illustrate the geographical extent of the polar wind, data aobtained from
Explorer 31 measurements [24] are shown in Fipures 11 and 12 to represent summer and
winter conditions. Each solid line represents an observation of greater than 1 km/fsec
ut flow, while the dotted lines indicate peripds when no flow was seen. The fluyes
were found to be of the ordar 5 = 10/ fons/cm“/sec in the summer and 10° ions/cm®/sec
in the dark winter polar regions. The difference probably arises from a change in
meutral hydrogen density associated with different temperatures of the thermosphere.

Independent evidence for the polar wind flow outside the plasmapause has recently
been found in high altitude Alouette YT electron density profiles. To illustrate,
profiles of electron density as a function of invariant latitude are shown for five
mltitudes in Figure 13. This nighttime pass shows the presence of a sharp plasmapause
mear 60°A. Inside the plasmasphere the electron density contours are closely spaced,
indicating a large electron density scale height and the presence of H' in substantial
guantity. Poleward of the plasmapause a more erratic behaviar is seen with the high
altitude variations between 67° and 74°A representing auroral zone heating. Even in
this region, however, the electron density contours give plasma scale heights of the
erder of 400 to 600 km; i.e., typical of + alome. Datailed analysis of recerds such
as these has shown that the presence of O to 2500 km can be explained only if the
- mewtral hydrogen deniity is very low; i.e., much less_than 104 cm'3, or if there is a

polar wind flow of H' with a flux In the range 7 x 10/ to 2 x 10 ions/cm?/sec. Siace
measurements [15] rule out the possibility of the very low neutral hydrogen densities,
it wust be concluded that the observed behavior is a consequence of " flow. Another
example of this behavior at high latitudes is shown in Figure 14,

The schematic trajectory of plasma drift at high latitudes can be obtained from
Fipure 2 through projection of the dipolar field 1lines into the ionospheric regions.
Figure 15 shows a typical drift pattern at high latitudes including both the plasma-
- pause and the extension of the polar cusp.

Although it is convenient to think of thermal plasma convection in terms of a
steady motion, pumerous experiments have found that convection i3 stromgest during
polar substorms [24]. While the convection patterns seem to be consistent with the
original theory of magnetospheric convection, the plasma drift is at times greatly
enhanced., To illustrate, Figure 16 shows the rtesults of a 24 hour measurement of
plasna drift velocities at Chatanika, Alaska (L = 5.6) obtained by incoheremt scatter
radar. The data, plotted with the geomagnetic pole at the center of the diagram,
show that in the late afternpon and early evening the E x B flow velocitles are
small. With the onset of a substorm near 2000 LT a rapid southwesterly drift begins.,
Hear wldnight there is a reversal and the flow is almost due east (magnetic). During
the rest of the day the flow is generally directed back over the polar cap. Comparison
of these results with the schematic flow trajectories of Figure 15 shows many similar-
fties. Thus, a2t least in these disturbed times it can be concluded that the large
scale convective field neseded to sweep high altitude plasma to the magnetopause is
present. Similar measurements made during periods of low substorm activity have shown
that the nighttime enhancement of drift velocities is largely absent and the observed
drift velocities remain less than 150 mfsec throughout the day and night. Alrhough it
might be thought that the slowness of convective drift would lead to a rapid £illing
of the polar magnetosphere with thermal H', the time scale for this to happen is of
the order of several days, substantially greater than the time between substorms.
Consequently, the refilling process is never able to create a substantial 4t concen-
tration In the topside ionosphere outside the plasmasphere.

As i1llustrated by Figure 1, two types of field lines lead from the high latitude

ionosphere: those connected te the magnetosheath and those forming closed dipole-like
Igops. When the supersonic polar wind is convected onto a closed field line a shock
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front is formed which propagates down the field tube towards the earth. Calculations of
the time needed for this shock to reach the ienesphere and goavert the flow to sub-
sonic speeds indicate perlods of 10 to 20 hours. To #llustrate, a plot of plasma.
density as a functfon of distance along a convecting magnetie field tube is showvm in
Figure 17. Although shock transition moves towards the earth rapidly at first, it
eventually slows so that the actual transition to subsonfc flow takes an extended
period of time. Since the upward plasma flux Is unaffected by this transitiom, it
appears that the polar wind flow st continue as a general feature for both disturbed
and undisturbed conditions, [25} .

Future Studies

Cur knowledge of thermal plaswa behavior in the magnetoesphere iz based on a
relatively small number of experiments. Many important phenomena thought to exist;
i.e., reconnection shocks, flow of plasma in field tubes, and plasma compression and
rarefraction have yet to be confirmed. Nevertheless, it is clear that the thermal
plasma of the topside ionosphere is not guiescent and must undergo a wide variety of
motions consistent with changes in the underlying ionosphere and the surrounding mag-
netosphere, :

Within the plasmasphere the most important study relates to the validity of the
plasma reserveir comcept; i.e., are cross-L drifts of plasma accompanied by inward or
outward {parallel to B) flows?

Although many studies assume a diffusive type density distribution of plasma along
lines of magnetic force, proper measurements hsve never been made and the actual
density profile may show pressure gradients associated with shock fronts or compression
and rarefraction effects.

Outside the plasmasphere virtually no magnetospheric thermal plasma measurements
have been made to deterwmine parallel flow speeds, temperatures, or ionm flux.

In many respects theory leads experiment in the investigation of thermal plasma
behavior. Before further significant progress can be made it will be necessary to
obtain a better idea of the actual physical conditions present in the various regions
of the magnetosphere.
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Flgure 8,

Captions

Model of the Earth's Plasma and Magnetic Fleld Envircmment. The dark arraws
indicate polar wind jon flow putside the plaswmasphere. Similar flows some-
timas present inside this region are mot showm.

Plasma Drift Motions Viewed in the Magnetic Equatorial Plane. Outside the
plasmapause the convection pattern lead te a loss of thermal plasma at the
magnetopause. Inside the plasmasphere co-rotatiom effects are wost important.
The relative speed of this plasma 1s indicated by the black dots. Because
the magnetic field is of a dipole nature, there is a considerable change In
field tube volume implied in all cross - L motlons.

Topside Ion Composition witg H+ Flow Effects. The model ig based om a 1000°K
wodel thermosphere and an 0 density oi 1,18 x 10° jonafem” at 500 km. Chemieal
equilibrium is assumed at 500 km and E' flow is obtained by varying the

deasity at 3000 km. The numbers above each profile give the flux at 3000 lan.
A positive flgx corresponds to upward flow. A neutral hydrogen density of

1.92 x 10°/cn’ was chosen at 500 km. :

ﬁ+ flux for Different H+ 3000 lm Boundary Densities. The [luxes of Figure 3
are plotted 25 a function of the BY boundary depsity. Diffusive equilibrium
corresponds to zere flux. Large HY inflow follows for relatively small
increases of density. The K" outflow has a limiting value,

Variation of H+ Flux wigh 0+ Boundary Density. The H+ density at 3000 km
Is fixed at 107 ions/cw” and the 500 km GF density is varied. Diffusive
equilibrium for HY occurs at n{(0") = 5.5 x 10% ions/cnd. Smaller values
lead to large inflow while the outflow increases gradually as larger values
are chosen.

Variation of H' Flux with Neutral Hydrogen Density. The model given in
Figure 3 was usad with different neutral hydrogen densitieg. Both the
limiting flux and the equilibrium ut density are affected by these changes. .

Schematic Variation of Magnetic Flux Tube Volume.  As field tubes move
across L-shells their velume changes as Volume = L°. Plasma redistri—
butions are brought about by pressure gradients which meve plasma along
the field tube, . :

Location of the Plaswapause. Experimental OGO~V results showinz the
location of the plasmapause for different levels of magnetic activity.
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Fizure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

9.

10.

11.

12,

13.

14,

15.

16.

High Latitude Ion Composition Profiles. Theoretical models were used

to compute the ion composition for the polar regions. The flow becomes
supersanic above 4100 km. The large Y flux is a conseguemce of a
slightly high neutral hydrogen density and a large 0" density (see Figure
5).

Profiles of High Latitude H+ Velocity., The profiles are given for three
model neutral atmospheres and identical ¥,-region photcionization rates.
The crosses indicate the polnt of transition to supersonic flew.

Experimental Ubservation of Summer K Flow from Explorexr 31. The
arrows indicate portions of the satellite path when data was obtained.
Dotted arrows are plotted for times when mo flow was seen (< 1 km/sec).
The extent of the solid arrows support the idea of plasma flow in

all areas outside the plasmasphere.

Experimental Observation of Winter H+ Flow from Explorer 31. Owing to
the very low plasma densities relatively fewer ohservations were
possible, Hevertheless, the icn flow was foupd in the expected regicns
outside the plasmasphere.

Observations of High Latitude Electron Densities from Aloustte II. The
topside radic sounder provided zltitude profiles of electroa density.
These sumertime plots show contours of electron density as a function
of invariant latitude in the midnight sector. The plasmapause is

seen in the topside near 609A while auroral zone heating cemters at
70°A. The contours indicate only ot outside the plasmapause; i.e.,

a polar wind flow is present.

Observations of Summer High Latitude Electron Densities from the
Alouette IT Sounder. The lack of significant variations is typical
of the daytime topside ionosphere outgide the plasmapause. The plasma
scale height indicates the presence of O and an HY flow of 1.5 x 108
ions/cmlfsec can be inferrad.

Plasma Drift Motion Outside the Plasmasphere., The cleosed curves give
the trajectories of plasma motion obtained from projecting the
equatorial drifts of Figure ? inta the ionosphere. The shaded area
corresponds regions where the magnetic field lines commect to the
magnetosheath. Measurements show that the speed of motion varies
greatly with highest velocities being seen during polar substorms.

Observations ¢f Plasma Convection. These data represent the chserved
pPlasma velocities at Chatanika, Alaska (L = 5.6) on Fehruary 11-12,

1972 at an altitude of 163 km., The dlal gives local time amd directions
are related to magnetic north at the center. A substorm Is believed to
have started near 2200 LT and continued through 0400 LT. The everall
behavior agrees in many respects with the model shown in Figure 15.
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Figure 17. Reconnection Shock Front Motioms. A model of plasma flow along an
L = 6 field tube has been used to glve the downward motion of the
shock front which attempts to convert the supersonic polar wind to
subsonic speeds [25]. The shock starts at the magnetic equator and
slowly moves towards the earth. Because convection of the field
tube is faster than the shock motion a transition to subsonic flow
probably does not occur. The " Fflux is the same in either case,
however.

DISCUSSION

Martelli; Could you expand on the asasmptions you bave used for your theoretical
model? In particular, what expression for the pressure {(scalar? tensor?} have you used,
and what stability criteria for the highly energetic fluxes? ’

Banks: The basic equations are given in a recent paper (Planetary and Space Bcience 12,
1053,1971), We assume a ssalir pressure and ignore the presence of energetic garticiEE.
Changes in the effective H:/0 ¢ollision frequency do not greatly affect the H flux

but do alter the H density profile.

Hasegawa: What effect does the convective loss of plasmapause particles bave or the
dynamics of filling a flux tube?

Banks: It is just the convective loss which maintains a low plasma pressure along a
field tube, thereby inducing upward flow.
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THERMAL PROTON FLOW IN THE PLASMASPHERE:!
THE MORMING SECTOR

PETER M., BAMRE

Radioscience Laberatory, Sianford Uriversity, Stagford, California 94305, LLS.A.
and

JOE R. DOUPMNIK
Department of Applied Physics and Information Sciznce, University of Califoraia,
San Diego, La Jolia, Crliforaia 92037, U.S.A.

{Recefvad 28 Alay 1973)

Abstract—Vertical profiles of electron density obiained in the vicinity of the plasmapauss using
the Aldouette-II topside spunder have bzen anaiyzad {0 assess tha presencs of HY fdow in the
topside jonosphere. The chservations in tis midaight soaser show clearly ih2 presancs of {he
plasma-pause; Le. there i3 a sharp beundary separating ihe polzward resisns of pohwr wind
H+ flow and the more gensle conditicas of ths ¢ i
abundance. In contrast, in the sunlit moraing secior:

fight ivas arz present in
v i3 dadusad 0 Ge praseat

1o invariant latitodes os low a3 48°(L = 2-) i the vegions normally knowa o bz well inside
the plasma-sphers. The upwards H* fiux {5 suffiedendy farge (3 X 107 ioms eml7 see™) that
the plasma-pause caniot be seen in {he Rt i glectvon density contsurs of the topside

tonosphers. The cause
refiiling process.

or this flow remain; waleryvs tut it ouay be a resul

t of a dinczal

1. INTROE

0
2
e
$)
P'J
2

During the past several years there hes Lean an ircreasing appreciation of the dy-
nanical coupling between the lonospheric Feregion and the magnetecsphere. In the
regions exterior to the plasmasphere both the OF of the Fi-layer and the £+ of the topside

e field. As a consequence,
zds to plasma loss at the
of targe scale upward polar wind

jonosphere are exposed to the general riagnsiosps
thermal plasma in this region undergoes an Eu
magnetopause and consequently to the establishmant
flows of H*. :
For magnetically quiet conditions, the plasmapause represents the boundary between
plasma which attempts to co-cotate with the Zarth and plasoa which is exposed to the
magnetospheric electric field. (A recent review has been given by Chappell, 1972.)
Within the plasmasphere the behzvior of H* and i
netic field lines in resporse to changss in plasma pressure and chemical composition.
Such changes occur at low latitudes as a result of F-region fonization aad thermal pro-
cesses and at high latitudss as a consequencs of 3 plazma drift assceinted with the
partial penstration of the magnetespheric convestion glactric ficld inzside the plusmapause
poundary. The effects of the £ x & drift arc espesislly fmporiant in afternoon aad
evening sectors of the plasmasphiere where plasse motions coress feld lines normally
oceur and lead to substantial plisma pressure gradients siooy tite licss of magretie foree.
The idea of diffusive eguilibiium betwesn OF in the /

4

5
4
i,

€

o it tons of the
topside ionosphere hias been explored in o nwnbor of theareticn studies (Maage, 1960;
Kockarts and Nicolet, 1943; Beuar, 1966; Rush cnd Venkateswaren, 1683). Qutside the
plasmasphere, however, measurenisals provids guidence for the existence of & much more
dynamic state with high speed flows occuiring af high eliituces aciing to replenish regions
depleted of ionization by £ B odrifis (Dricwss et al, 1971; Heilman, 1909; Banks,

* On leave of absence from the University of Califerain, Sun Disge, USA
) 1
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1972). Theoretical stedies of these reglons {Banks gnd Holzer, 1969a, Marubashi, 1974;

Mayr et af., 1970) have shova the {low-to consist princizaliy of HY moving at specds near
or greater than the ion thermal spred.

The question of light ion flow within the r e masphere represents o mere difficnlt .
problerm. To a large extent the thermal plaswma of the phSﬂ‘asan,w acts as o fuild con-

tainied in a reservoir with flow along f’er‘ fimes Tﬁsu!!ir g from changes in
A schematic view of the reserveir co-.—ccpt with cssociatzd plasina %“
During magnetic storms a large portion of the plasma stored in .n..C
reservolss is removed by transverse electric ﬁeida, cither through s
magnetopause {on the dayside) or thro
tne lonosphere (on the nightside) {S2e C
appropriate references]. Following mz '1 L:c 510
thermal plasma reservoir procseds via O*,f“ cha
and an upward flow of H* into the plasmaspher
er al., 1971). Calculations of the thermal !
have shown that far out along the magnstic
and becomes subsonic only aﬂer a number of
net ontwards H* flow for several days.

—aTmie I =
LTRS3L3 25d .:c.u'*"G ll

)7%) for o mors dn 1o

ugh
’1

Teh small iewavd flev’
Beutlitriun:  Static discributicn of plasca w
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Fig. 1. SCHEMATIC VIEW OF COOL PLASMA BEHAVIOR IN THE TOPSIDE IONOSPHERE,
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For less is known about the diurnal plasma flow in the absence of rilling effects
associated with magnetic storms. Incohsreant backscatier observations o Millstene Hill
(L = 3-1) and Arecibo (£ = 1-9) have shown the presencs of large (103% jons em = Scc“‘)ﬁ*
flows which are believed to be associated, via charge exchangs, wi - fow inte the
plasmasphere (Evans, 19712,b; Ho and Mooreroft, 1972). Theoretic iizs based on
the equations of continuity and momentum conservation for OF

'J

al
ci nE indicate the

presence of large diurnal variations in H~ fow (and cons eqhemlv G"‘ figw) res LiL g fro'n
changes in temperature and density of the iongsphere (u ~} and of the neatizl o
O and H) [\Ia y and Baoks, 1972; Schunk auj Vaiker, 1972; Rinyr wf a!., 1972;
Mofiett and Murphy, 1973; Geisler znd Bowhilf, 1965; Hanson and Patiersor .
Typical calculated results for the diurnal H* fux at Millstone Hill are shown in Fig. 2,
taken from Nagy and Banks (1572). .

The carmrently available direct observations of topside plasma fiow are relatively sparse
and give an incomplete picture of the important L-wude ,_nd local timsz effects. \s shown
in this paper, however, information about H* flows can be deduced from electron density
profiles obtained using high altitude radio sounders carried by satellites such as ISIS-I
and Aloupette-II. Such profiles, when interpreted in {ernms of muli-ton continuity and
momentum equations appropriate to the topside ionosphere, can p:ovif'ﬁ imporiant data
on the spatial and temporal extent of thermal plasma fiow inside and cutside the plasma-
sphere.

In the present study, an analysis of Aloustte-11 elcctron density profifes has becn made.
The results, discussed in detail in later sections of this paper
scale upwards H™ flow in the morning sector of the plasmasphere extending
post-sunrise regions into the afterpoon sector, Ia tatitud e it appears to range from the desp
polar cap down to A = 45° invariant latitude. The cause for this Tow is unlmown, out
it could yepresent either the refilling of fux tubes previously emptizZ inio the ..1b_-. time

- Fyregion or the cross-L drifts of plasma associated wiih the partial peneireiion of the con-
vection electric field into the plasmasphere.

The expenmﬂnt'xl data of this paper are discussed i in the next section. The lnterpretadon
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of the data in terms of mulil-iou models is described in Section 3, while Zzcttos 4 pro-
vides 4 general discussion of the resuits.

2, MEASUREMENTS

The Alouette-I1 suteliite includes a sweep frequency ionospheric sounder which pesmits
an accuraie determination of elsctron density as a function of aititude. A compietle dis-
cussion of the equipment and method of analysis needed to convert the ﬂ')p""q* range
frequency records into electron density prefiles is contained in papers presented i Froc.
TEEE (June, 1969).

For the present analysis, a large number of vart;cal proiites of =,1::c‘rc.:= d“..;:ty were
provided by the NASA A Researcn Center. These profiics <
principally at Ottawa and Resolute Bay, Canads '~'-r'iz':%"-=
California. In order to distinguish the effects ct L
in the top side ionospaoie :t is neeassary to exnise th
altitude of at least 2000 bk and preferably 2300 kr* For
passes naving electron density p:f::’iles xtending above 2000 k:
termine loml time, seassonal, and latitudinal variatio 53 in ths

To demenstrate the characier of the reduced data, Fig. 3 prosenls the E’alg"t-z.’t“: tatl-
tudinal variation in electron density at fixed altitudes ‘Mfwear: 300 and 2300 k ia steps of

:)
=
—

SO0k for 7 July 1968, The local time of this pass exteads from 2317177 at A == 83° to
2329 LT at A = 33° (all latitudes preseated are geomagaetic invariant deslved from the

expression cost == 1/L where L is the Mcllwain L parameter). Tle clectroa density
contours of this figure show that the variaticn of electeon den nj with altitude, mezsared
in terms of the electron density scale height H, defined as

1 dn 1

e A (H

n, dz H,

depends strongly upon invariant latitude. Below the apparent density min_imum near
62°A, the scale heights are relatively large (~ 1300 km) while poleward of this boundary
the scale heights are smaller (~ 550 km).

T UIUE—————————— A
ALTITUDE (i) :

" 500 mn/ ]
‘e 10% s
= 3
z 1000 3
ﬁ —
2 10% 1500 = M :
2 F2000 o / 3
& 2300 e .
E 163 OTTARA -
o 7 JuLY 1968 E
ha 2317LT Kp=2° 3
w 0530UT 3

O- vegsggsprdaryprreyedaarysysseals Lagsogasboeaagyerngtycsspanurfaaguzases

g5 80 70 60 50 40 30 20

INVARIANT LATITUDE (dag)

Frc. 3. CONTOURS OF TOPSIDE ELECTRON DENSITY MEASURED BY AiousTre-II.

The plasmapause is readily apparent in the high altitude densities near 61°.\ whilz auroral oval
heating is present Between 66° and 72°A
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Fts. 4. ALTITUDZ PROFILES OF ELECTRON DENSITY OSTAINED QUTSIDE THE PLASMASPHERE
(CURVE 1) AND» INSIDE THE PLASMASPHERE {CURVE 2},

Light ions are absent outside the plasmapause but, owing to the higher plasma tzmperature,
the plasma density is actualiy larger than inside the plasmaspitere up to an aititude of 2200 km.

The transition from large to small scale heights at 62°A, along with the simultaneous
sharp decrease of clectron density visible-above 1509 km, represents the topside version of
the plasmapause. To show the differences between the low and high latitude regions in
more detail, vertical profiles of electron density obtained at A = 70-7° and 57-5° on 26 July
1968 are given in Fig. 4 where the densities are plotted in terms of geopatential altituces
to eliminate the variation of gravity with altituce. Using the definition of the scals height
given by (1), curve 1 of Fig. 4, taken outside the plasmasphere, 1as a ccale height of 800 km
and is representative of OF at a plasma temperatu€ T, + T, = BACO°K. Curve 2, in
contrast, has a scale height of 3000 km (at 2700 km altitude) which agises from a mixture’
of H+ and OF. '

Although it is not of direct concern to this study, the existencs of 2 high altitude electron
trough is apparent for 62" < A < 67°on 7 July 1968. The lower latitude cdge corresponds
to the plasmapause while the poleward bourndary cosults from changss in scale height
associated with the spatially varying enhanced temperatures in the curcial oval. Polewar
of 74°A the solar zenith angle becomes less than 100° 50 both photoionization and plasma
heating affeci the densities there.

Although data saca as these provide imporiant information regarding the dynamic
characier of the topside icacsphere putside the plasmapauss, oxamination of ether local
tima sectors has revealed the presence of equaliy imponact nlasing dows inside the plasma-
sphere which have not been previousty reported. OF paiticular importance are upward
fiows of thermal H* found in the summer plasmasphers in the 67-14 hr LT sector. To
iMustrats this feature, several latitudinal clectron density profiles obtained in june and
July 1966 at Seanford and “Winkfield are shown in Figs. 5-7 for focal ties Between 0700
and 0800 when the solar cenith angle was less than 55° For all throw pisses the maximum
K, at the start of the pass was less than {. For the dats of 3 Jjuly, 1996 the maximum
K, in the preceding 7 days was 2%,
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Fis. 8. VERTICAL PROFILES OF ELECTRON DENSITY EOR 3 JuLy 1966 AT THREE POINTS DI
: CATED ON Fig., 7.

These profiles show that O+ is the dominant to at least 2500 km and, as discassed in the texe,
an upward flow of about 3 x 10° H* ions con~? sec~! must be presant.

In contrast to the night-time latitudinal profile given in Fig. 3, no discontinuity in
plasma density or scale height is evident at any of the observad invariant latitudes. The
scale heights are small (300-600 km) and characteristic of O* alone. There is littl day to
day variability present at high altitudes (1500-2500 km) which does nct atise from changes
in the Fy-layer deansities; i.e. normalization with respect to the 500 ki deasities tends to
produce topside densities which are virtually unchanged from day to-day. Thus, it is
possible to accept the data of those figures as typical for symmer morning conditions.

Typical profiles of electron density as a function of altitude, taker from the pass of July
3 1966, (sez Fig. 7) are showa in Fig. 8 for A = 72°, 55° and 50°. When the effect of
gravitational variztion is removed, it is found that thers is no- important changs in scale
height up to 2400 km altitude other than that due to 2 small increase in plasma tempera-
ture. As discussed in the next section, such a behavior for the observed conditions can be
explained only through the presence of an upwards H* flow of magaitude 10° jons em—2
sec™l. _

To show that such a behavior is not directly related to magnetic activity, Fig. 9 shows
tie latitudinal contours obtained on 9 July 1966 when succossive disturbances culminated
ina X, of 6 at the timz of the pass. Inspite of this activity, the results of Fig. 9 are similar
to the dzta of Figs. 5-7 and therc is no high altitude plasmapaus: picsent to A = 45° even
though a jump occurs in the 500 km base density. Note, howsver, that the plasma scale
heights are the same on both sides of this change. Such a lack of o topside plasma density
discontinuity provides a distinet contrast to satellite measuremecats made further away
from the Earth neurer the equatorial plans wherz 2 plasmapause is normally present.
(Taylor et al., 1965, 1968; Chappell ¢t al., 1970, 197).

In order to relate the Alouette-1T elestron deasity profiles to the physical processes
asseciated with the distribution of ions and electrons in the topside fonosphere, it is nec-
essary to iniroduce the equations describing the behavior of multi-ion plasmas. In the
following analysis nrocedure, models of the topside ipnosphere arc constructed to match
the observed profiles, The esseatial problem is to explain why light ions (H* or Het) are
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CONDITIONS,
Auroral oval heating is present near 70° A while variations in the-500 km density are
reflected in variaiions at at higher altitudes,

absent from the summer morning topside ionsphere; i.e. why the typical heavy to light
ion transition so readily apparent in the night-lime data {(compare curves | and 2 of Fig. 4)
is absent in the morning sector (curves 1-3 of Fig. B). Using the models developed in the

mext scetion it is found that such a behavior can only be explained if there is an upward
flow of H* and He*, ' ‘

3. FLOW EQUATIONS FOR THE TOPSIDE IONOSPHERE

To analyze the electron density profiles described in the last section we must establish
a model for the topside ionosphere. Relying upen previous experimental results (Taylor
etal., 1963, 1968; Hofman, 1969 and cthers)and theory we assume that O is the deminant
ion in the Fy-region and that H+ is present at higier altitudes. (While there is a possibility
that Het may be present, it caunot affect the present analysis since the models must explain
the absence of all light ions.)

For the present model we assume that O* is the dominant ion at 400 km. Owing to
diurnal changes in ionization rates, neutral wind momentum transfer, and electrodynamic
drifts, short and long term variztions are normally present in the O~ density. Thermal
Htis present in these same regions as a consequence of the accidentally resonant reaction.

3
o+ + H*‘“‘“‘_}lb S H++ 0 2)
24
with &, = 2:5 x 107 n(H) sect - and &, = 2:2 X 10-U7H22(0) sec™! (Banks and
Kockarts, 1973).
In chemical equilibeium the ratio n{H*)/n(Q%) can be obtained as
a(H?)  9n(H) (Tﬂ) v2 3
(0 8n(0) \T,
so that at 500 km H* is 2 minor constituent when thermospheric temperatures are greater
than 800°K. The time constant associated with the equilibrium condition given by (3) is

short, ranging from 220sec in a 750°K thermosphere to 1-7 sec at 2000°K (Banks and
Kockarts, 1973). .

Above 700-8C0 km the condition of chemical equilibrium between O and H* becomes
increasingly difficult to maintain owing to the effects of ion transport arising from plasma
pressure gradients and gravity. To describe the electron density profiles discussed in the
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last section, steady siate solutions to the equations for the dessity and flow speed of a
plasma composed of OF and H* are needed. Generally speaking, such a procedare in-
volves the coupled equations of continuity and momentum conservation for both O+
and H* (see Banks and Holzer, 19695). However, since the O+ flux is muca smalfler than
the O*-O limiting flux {~ 2 > 10° ions em™2 sec™Y), it is possibie to ignore the effect the
OF flow velocity has upon the OF density profie (Banks and Halzer, 19695:. Schunk and
Walker, 1970). In this situation the equation of OF momentum conservation can be written
as.

1 dp(C*) | 1 dp, e . PR
m—_ds_ T ;’e a5 -+ m(O _)au = m(OT}(0*, Hu(H) C)]

where s is a coordinate along the magnetic field, PON) =n(O T, p.=nk T,
n, = n{O%) + n(H*), g4 is the component of gravity parallel to the magnstic field,
(0%, HY) is the O~H* diffusion collision frequency, and o(H*?) is the H* speed along
the magnetic field.

With regard to H, flow efiects cannot be igaored and the deasity and flow velocity
must be found from the cquations "

5o D] = () —pEA(EY )

1 dp(HY | 1dp, .
szfif)”gﬁ?‘) i @5+ g = —mEBEH?, 0 o) ©

where g(HY) = n(0O)u(H)k,, B(HY) = n(Q)ey, p(H*) = n(HMLT,, and cther quaitities
are similar to those given in Equation (4).

To obtain the theoretical profiles of ion composition it is necessary to solve Equations
(4)-(6) subject to given boundary values. If ¢(H*) = 0, such soluiions describe diFusive
equilibrium while if »(H*) 5% 0, the geaeral fow sclutions are obtzinsd describing inward
and outward motions {Geisler and Bowhill, 1965; Ceisler, 1987; Banks and Holzer,
1969b; Banks ef @l., 197!; Schunk and “Walker, 1970,

For the present study it is necessary to computs fou density profiles consisient with
the observed electron density and the inferred values of atmospheric parameters. This
was done in the following way to obtain profiles over the altitude rengs 509-3000 km:
the observed electron deasity at 500 km was taken to b2 a result of 5 and O in chemical
equilibrium using Equation (3). Values of the neuiral atomic hydrogen density were
taken from the satellite results of Mayr and Brinton (1971) for Suse and July 1566, The
density of atomic oxygen was inferred from CIRA (1963) modeis basad on the solar 16-7 cm
radio fiux with correction for magnetic activity. ‘

In addition to this information, the solution to i coupled jon cqiiitions requires an
additional condition relating to thie density or {lux of H¥ ot the upper boundary, As
shown laler, the Fi™ flux is a velatively poor Loundary sondition snd for this study solutions
to the HY flow equativns were obiained by cheasing « spaeiiic value of the HY density at
3000 km. Through variation of this upper beuadary depsity it was possible to mateh the
obsarved clectron densiiy profile with sufficienl accuuacy to determine the magnitude of
ihe flux flowing along the magnetic field lines. ‘

To illustrate this method, Fig. 10 shows the family of &+ density profiles appropriate
to 2 1000°K thermosphere taken from the models of Banks and Kockarts (1973). The

N
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FIG. i0. CompUTeD H* AND OF DENSITY PROFILES FOR DIFFERENT H* FLUNES AT 3000 km.

The O+ deasity is fargest for the smallest H* profilz, and pire versa. A 1090°K thermosphere

was used with a 500 lun neutral hydrogen density of [-92 x 10° con-% The plasma temperature

(7, + 79 at 3000 kim vas taken as 6500°K.

electron temperature profile was computed using an electron heat fux of 5 3:118%¢V
cro2sec™! with a boundary value T, (300 km) = 2580°K aud the usual electon gas
thermal conductivity. The ion temperatare profils was cbtainzd using the ion energy
balance equations described by Banks (1967) without thermel conduction. For this example
the magnetic field was assumed 1o be vertical.

The individual H* profiles given by Fig. 10 correspeond to different HY deasities at
3000 km (10°, 5 x 10°, 8 x 105, 9 x 107, 1-5 x 10t ionscm™®).  Associated with each
of these profiles is a computed H* flux, the magnitade being given directly above each
curve. Positive values of the flux correspond to outward fows, negaiive values show inward
flows.

The range of O+ density for the different H* profiles is indicated by the shaded region
of Fig. 10. When H* is the dominant ion, the OF density falls off most rapidly with al-
titude, while when O+ is dominant, the slowest decrease is appropriate. This behavior
results from the electric field coupling between OF and H¥ and provides an explapztion for
the rapid ion composition changes observed hear the plasmapause where H¥ flow becomes
important {sez Banks (1970) for a more detailed discussion of this effect).

For the purposes of the present study, the most iimportant characteristic of the density
profiles given in Fig. 10 is the abrupt change in scale height associated with the trazsition
of the major ion species from G to F™. For the summer daytime daie discussed here, no
such transition was observable in theelectron density profilesup to altitudes of 2000-2500 km.
Consequzntly, it is necessary io suppose that the HT density is low at the vpper boundary
and, as a consequence, that an cutward I+ flow is present. -

Althougn it might be thought that the matching of theory and experiment using this
method would give only crude estimates of the H* flux, this Is not necessarily the case
owing to a saturation effect which Himits the magnitude of the flux for a wide range of H*
boundary densities. To show this efiect, the vaiue of the H7 JJux los been plotted tn Fig. 11
as a function of the 3000 km HY donsity using ihe resuies of Tig, 10, From this plot we
find that diffusion equilibricm (ie. po HY flux) occurs when a{H e = 9 ~ 18P em™

AL 43

For H* de nsities greater than this value, the flux i inward with a magnitede which increases
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Fig. 11. VariatioN ofF T2 H* FLUX A5 A FUNCTION OF THE 3009 km H= pEnstry.
The effect of flux saturation ocsurs quic%‘.ly an'l_ li_mit:. the rate at which H* can Yeave tha
topside ionosphere. In coatrast, there is no Iimit to the rate or which H* can fiow iato
) ‘ ! the ionosphere.

rapidly with increasing H* density. Such a result indicates that eny excess plasmaz con-
tained in field tubes above 3000 km can be readily transferred downwards to the upper
F-region. : '

When the H* boundary density is lowsrcd below the diffusive cquilibrium valuz an
outward H* fiux is established. Unlike the inward flow, however, the outward Row rapidly
saturates such that the H* flux soon reaches a limiting valuz and further decrzasss in the
H* boondary density yield no corresponding charnge in flux, This hehavior filustrates one
aspect of the limiting flux concept discussed by Hanson and Patterson (1964) and Geisler
(1567). ' )

To apply the limiting‘ﬁux idea to the present study the following lisz of reasoding has
been used: the H* fux 1n saturation region depends only slightly upon H¥ density when
the H* density s less than the diffusive equilibrium value, Thus, if we assume that the H+
boundary density is equal to the measured electron density at the saweite, we can compute
a lower limit to the flux. Actually, since there is no changsz in electron density scale heigat
seen at this upper altitude for the present data, the true H+* dersity must be much less than
the electron density. However, owing to the H™ flux saturation efoct, the use of the trué;
lower H* density in the computation would not appreciably changs the computed value
of the flux. ' '

While the above reasoning permiis us to compute the H* fux when the election deasity
profile indicates the absence of appreciable amcunts of 11+, diffculties arise when the H+
and O* densities become comparable near Z300'km. Reference to Figs. 10 and 1t shows
that the H* flow is very sensilive to small chasges in the uppes poundary density of H~
when H™ is the doininant ton above about 1500 L. {a this siteation smal cirangas in
the H* density can fead to large changes in the fux and, consequently, the moasured electron
density profiles cannot bz used to predict accurately either the sign or the magnitude of the
itux, Thus, for example, 1t is not possitle to use the profiles shown in Fig. 3 to compute
#* fluxes in the regions inside {he plasmaspizre. Allhough the apparent changs in scale
height shows the presence of HY (or perhaps He™), the uncertaintics in temperature, ion
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composition, and atmospheric densitiss are su
Inaccurate,

Although chemical and Row effects are most inportant in dstermining the overall ion
composition profiles, the thermal structure associated with the eisctron and ion teinpera-
tures cannot be neglected. Reference to Equations (4) and (6) clearly indicates that values
of the temperatures aad iheir gradicnts play a part ia determining the final result. For the
preseat data direct measurements of temperature were not available from the Alouette-11
spacecraft. However, the companion satellite, Explorer 31, did carry an elecivon tem-
perature probe which provided (Brace, personal communication) typicz] latitudingl pro-
files of electron temperature for the perieds considered here.

fiicient to make any computation highly

Soluticns for the present model require that the electron and .ion temperatures be.

specified as functions of altitude. Because the elactron density scale heights were yniformiy
small (<600 km) for the summer morning passes used here, it was possible to assame ihat
07 was close to a diffusive equilibrium distribution. Using the experimentally observed
density distributions it was then possible to solvs the equation

1L, mOg  tdn »
T, ds kT, o, ds

for the plasma temperature, T, = T, + T, by integrating downward from the satelljte,
The initial value of T, at the sateilite was estimatad girsctly from the slope of the electron
density scale height at the satellite assuming that OF was the dominznt inxn. Using thig
value, Equation (7) could then be used to obtain the plasma temparature, T, as a function
of altitude. _

1t 15 difficult to estimate the errors in ths analysis for the temperature profile. The
values of T, deduced for the satellite altitude, however agreed closaiy with the Expleorer-3]

er, ore

measurements. In addition, changss in compesition from OF to ¥ or Ha® would a@ve an
apparent 7, higher than trus valye. Using this method, profiles for T, were deduced
showing thermal gradients of 0-5-1-0°% km-). Such gradents slighily modify the H+
ensity profile by making the scale beight of H+ smalier than would be fouzd for isothermal
conditions. However, it does not obscure the transition from OF to H7 ror change in any
important way the H* limiting fiux. *
After the value of T, was determined, computztions of 7, and T, were made by assuming
steady state conditions for the exchange of thersal energy between electrons; jons, and

neutrals using rates previously given (see, for example, Banks and Kockarts, 1973).

4. RESULTS

Using the mathematical models of the st sectian, exleulations have been made of the
H* flow associated with the typical summ ug Alsuette-I pass shown in Fig. 7.
For this calculation, the neutral hydrogen d “ns takien from the resaits of Mlavr and
Brinton (1971). The dexnsities of other constituents ware daterminad from siandard CIRA
(1985) atmospheric madels.

During this summar period the elsctron
data give no indication of Ht, Thus, to dete;
profiles have been made assaming that 2+
obsarved electron density. As mentioned
near tae sateilite, thea the eleciron densiiy

d socinted with the Alouetie-I1
i composition

is equad to tie

A

.

o sabd boominny dmes larger

than the values which were observed; the adopted procadure gives an upper limit to the
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These results show that a large upward surge of H* must enter the plasmasphers in the morning
sector,

amount of H* actually present and a lower limit to the upward H* fux. Using this method
the H* vertical flux hias been obtaired as a function of latitude for the data of Fig. 7and is
plotted in Fig. 12. The slight variation of vertical fux with latitude results prirncipally from
the progressively greater dip angle of the magnetic field. Comparison of Figs. 6 and 13
shows that changes in the electron density pr oﬁl\. with latitude introduce v ery lmlc variation
in the flux, and there is no fiux discontinuity betwezen the polar wind regions assumed to
exist above 60°A and the isterior of the morning plasma g ere extending down to L = 2-3,
The results given by Fig. 12 are typical of all morping sector data examined for the
summers of 1966, 1967 and 1968. However, owing to a Ia k of atomic hiydrogan density
data no attempt has been made to compute H¥ {luxes for the Iater periods. As shown
elsewhere (Geisler, 9’?; Banks and Holzer, 19695), the limiting ¥+ finx is directly
proportional to the atomic hydrogen concentration near §00-800 km. Gn this basis'it
might be expected t-“.. these later fluxes would be subsiantially smalier than those found
for 1966. A further diffeulty, however, lies in the fact that by decreasing the atomic -
hydrogen concentration one moves the 1’102‘11'1:11, non-flow OH/H* transition point to higher
altitudes. Thus, to measure accurately the effects of Jow when the hydrogen densities are
low, one must have dzta extending to altitudes higher than the Aloueti=-11 osbit.
Examination of the local time behavior of the deduced plasma flow is made difficult
by the orbital relationships between altitude, loczl time and season, However, analysis
of electron depsity for the summer pericds in 1967-1970 mr*'c:-. 25 tuat the wpward flow
scems to be present thwough about 13-14 hr LT, Tn (963, howaver, the neutral hiydrogen
densities were much lower than in 1966 and the deduction of HY {low could Le made only
during passes where the electron density profile was obtained up to at keast 2500 ke altitude.

5, DISCUSSION

The H* fluxes described here appear t0 be 2 normal feature of the morning sector of
the plasmasphere. Although mugnetic storms are thought to give similar flows, the data -
used in this study show uo obvious differences bcnv““'l obscrvaians made after many
magnetically undisturbed days and those obtained during such periods (corapare the
contours of Figs . 5-7 with Figs. 9).
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The strength of the fow is sufiiciently large Lo deplete greatdy H* in the topside jono-
sphere and greatly alter the G7/H* trapsition altitude. In this sitzation it is not possible
to distinguish the plasmapause at these aliitudes, Le. there is no essential diferecce be-
tween the high latitude polar wind and the prosent fow observed at midlatitudes. Such o
concluston may also be supported by a recent study of topside troughs by Tulunay and
Sayers (1971) wiere there weee essentinlly no density trougas obsarved in the morning
sector at Asiel altitudes. However, the Ariel dato also reflect changes in composition
arising from thermal cffects. At higher altitudes of Aloustte-II, however, the reason for
such an absence of ligiit ions clearly relates to the lack of H* or Hev inside the plasmasphere
at ionspheric hetglits; ic. 2 fow of light ions is present. Even though the plasmapause is
not apparent in the topside ionosphere thers appears to be uo ambicuity in satellite
measurenents made further away from the Earth whers the H¥ density is obszrved to drop
to low densities withou! any indication of a decrease in plasmapanse iatitude (Chappell,
personal communication). This lack of correspondence has not yet besa adequately
explained.

Incoherent scatter measurements of plasma density and drift velocity can also provide
information about the H* fluxes described here. At Millstone Hill (£ = 3-1), Evans

(1971a,b) has observed large upwards OF fluxes following sunvise and continuing through

expansion of the OF in the topsids ionosphere resulting {rom increas=s in plasma tem-
L

perature, there appears o be a residual component associated with O+ charge excharnge
and subsequent H* flow. Using Millstone Hill data-for 23-2¢ Harch 1970 Nagy and
Baanks (1972) made computations of the diurnal Hi* fiux and density arising from changes
in O* density at 500 km. The results indicate an upward flux throughout most of the
morning. However, the H* deasity at 3000 km was computed to be about 2 x 10! w3,
about a factor of ten larger than is observed in the s2ame local time sector by Aloustte-II.

Although the-existence of the morning H* fow appears definite, the couvsative mecha-
nism remains to be identified. The flow itself represents the effect of plasma pressure
gradients along the magnetic field. It is possible that the fiow arises &s a replenishment
of ionization previously lost to the Fy-layer via H*—0 charge exchange during the swmmer
night. Asshown by Fig. 1, the plasmasphere undoubtedly acts as a reservoir of ions which
are able to flow into the Fy-region when the OF pressure is sufficiently low (Hanson and
Patterson, 1964). Following suarise, the Fy-region OF densities rise rapidly due to
photoionization and, owing to OF-H charge exchange there is a consequent HY flow -
upwards into plasmasphere. , :

Although the reservoiv idea may be partially correct, it ignores the effects of transverse
electric fields associated with the pesetration of the magnetospheric electric Beld into the
plasmasphere. Such electric fields on the morningside of the plasmasphere have a tendency
- to drive plasma away from the Earth (see Sharp ¢ al.,, 1972) so ihat a pressure gradient is
established along the magnetic field driving plasma (H*) upwards. Such an effect should
be readily seen in the Fy-region as a poleward drift of the Foregion plasma. This plasma is
not lost from the Earth, however, since the opposite effect takes place in the evening
sector of the plasmasphere where plasma is driven inwards (compressed) and downward
flows of plasma must remove excess jonization from the feld tube reservoirs.

Finally, it is possible that the flow represents a transfer of ions between summer and
winter conjugate regions (Mayr ef al., 1872). Such a fiow could arise from the presence of
differential pressures between the conjugate F-regions. In addition, the influx of ionization
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There is no evidence for large H* flows from the conjugate region although lizht ions are
present below 538°A, .

can result in substantially greater H* densities in the winter topside ionosphere. In con-
nection with this possibility, a typical winter morning pass of Alouctie-1 25 scen at Ottawa
is shown in Fig. 13. Although the crowding of electron density contours at low latitudes is
suggestive of an HY influx, a strong solar zenith angle dependence is also present leading
to considerable variation in plasma temperature and Fyregion deasities. Examinaticn of
records of this type has not provided any definite support for the idea of plasma flow
between conjugate hemispheres. : -
From the foregoing discussion, it appears that whils the presence of a large scale H+
flow in the morning sector of the plasmasphere seems well established, its cavse temains
to be determined.
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Abstract

Previous statistical studies on the connection between the midlatitude
ion/electron trough and the plasmaspause have employed a variety of ﬁrimarily
non-physical definitions for the trough position and, consequently, have left
the association of the fwo regions unclear, In this paper we examine these
studies and propose a éhysically motivated definition of the midlatitude trough
position which, in combination with new information of the filling state of the
plasmasphere, leads to a clear picture of the connection between the midlatitude
trough and the plasmasphere. We find that within the plasmasphere the important
boundary which influences the midlatitude trough is the transition from the
inner to the outer plasmasphere. This boundary, and the trough, coincide with
the plasmapause only under special ¢onditions. The inclusion of the inner-—
outer plasmagphere boundary in the general picture of the thermal plasma
distribution in the inner magnetosphere leads to an understanding of the
relationship between the midlat;tude ion/electron trough, the plasmasphere and

the plasmapause.



The Physical Connection Between the Plasmasphere and -
the Midlatitude Jonospheric Trough
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Introeduction

There has been a great deal of work done to relate the midlatritude
trough that appears in electron and ion density in the ionospheric F-layer
to the plasmapause which is observed at higher altitudes in the magnetosphere,
{Carpenter, 1965, Chappell, 1972]. Since the first observations of the mid-
latitude trough by Muldrew (1965) from Alouette I sounder data and by Sharp
(1966) from in situ ion measurements, various authors have sought to connect
the magnetOSpheric and ionospheric results with a simple physical explanation
[Thomas and Andrews, 1968; Ryéroft and Thomas, 1970; Rycroft and Burgf%l, 1970;
Mayr, gg_fg;s 1970], 1In these studies limited success has been achieved, at least
for the nightside region, between local times of 2100 LT and 0600 LT. But.if the
underlying assumptions and definitions of these stﬁdies are examined closely,
one finds that the commonality of the ion trough and the plasmapause is far
from established. And, in fact, one finds that physical processes other than
those discussed by previous authors may play the dominant role in establishing
the midlatitude ion trough at a position different from the ionospheric pro-
jection of the equatorial plasmapause.

In this paper we first examine the results of the early statistical studies -
of the location of the trough and plasmapause. Following this, we present unew
data on plasmasphére and ion trough characteristics which offer a potential key

to understanding their association. Finally, we present computed models of the

-



topside ionosphere for diffusive equilibrium and 1on flow situations to show
how these models can qualitatively explain the ionosphere and plasmasphere

observations and provide a link between these two geophysical phenomena,

Previous Studies of the Midlatitude Trough - Plasmapause Association

The early studies of the coincidence of the trough and plasmapause loca~
tions were based on electron and jon density measurements made in the topside
ionosphere by radio sounders and in situ probes on polar orbiting satellites
as compared with plasmapause measurements made by the whistler technique [Thomas
and Andrews, 1968; Rycroft and Thomas, 1970; Rycroft and Burnell, 1970; Muldrew,
1971; Brace and Theis, 1973]. The regions of the inner magnetosphere involved
in these comparisons are illustrated in Figure 1. Here we show the inner
magnetosphere with the ionosphere and plasmasphere as prominent features. The
specific regions under comparison are illustrated by partial satellite orbital.
tracks with comparison sketches of the expected electron or total ion demsity
profiles. (The difference between the electron and light ion density profiles is
discussed later in this paper.) The dashed curve represents the track of a.
"polar orbiting satellite in the topside ionosphere which measures the mid}atitude
trough region as illustrated in the upper sketch. The dotted track covers the
equatorial plasmapause region with tﬁe density profile illustrated in the lower
sketch. This lower sketch can be derived bo£h from whistler observations and
direct satellite measurements. Given the existence of the two pertinent sets
of data it is natural to compare the resulés and ask in what way do the trough
and plasmapause compare in position and if they differ, why do they, physically?

Figure 2 shows a specific example of in situ ion composition data
measured in the tqgside jonosphere by the ion mass spectrometer om Ogo 4
(Taylor, Private Communication). Note the frough locations formed by the

+ + : :
decreasing H' and the increasing O (not too pronounced in this case) in the

-2



region of about 40° to 70° dipole latitude on either side of the magnefic
equator. A trough appears very prominently in the H+‘ion density as a decrease
of about three orders of magnitude through 40° to 70° dipble latitude. Ai'
transition from H+ dominance to 0+ dominance is also seen at the trough, This
is a typical effect at the nightside trough location associated with outward
flow of H+ and has been discussed by Binton et al., 1971 (alse, in theoretical
detail, in Banks, 1972).

The low latitude side of the nightside trough is generally attributed to
the presence of the plasmasphere while the high latitude side or "cliff"
[Rycroft and Thomas, 1970} is attributed to enhanced ionization and higher plasma
temperatures resulting from auroral precipitation.

It is important in Figure 2 to note the very broad range of dipole
latitudes over which the H+ density decreases; i.e., on the low latitude side of
the trough the initial decrease begins at 30° and extends to 60° dip latitude.
In L-value this lartitude range is approximately from L=1.4 to 4, This spread in
L value is comparable to the maximum variation in position of the equatorial.'
plasmapause during modérate to disturbed magnetic conditions and leaves open a.
broad range of latitude at which the trough position could be defined. It must
also be noted that the spread of L~shells of the ﬁ+ density decrease on the low
1atitudé side of the midlatitude trough differs from that seen at the plasmapause
where the decrease is generally much more pronouﬁced {up to three orders of
magnitude) and is confined to a few tenths.of an L-shell which is about 2° of
latitude at L=4, Typical examples of the sharpness of the equatorial plasma-
pause can be seen in the results of Carpehter, 1966; Taylor et al., 1970; and
Chappell, 1972, .

From the fofégoing, it is clear that in making a comparative study between

the fonospheric trough position and the equatorial plasmapause position, one is



forced to adopt specific definitions of each, and this is Qhere the problems
have developed.

Identification of the plasmapause position outside the ionosphere is not
difficult, although there has been some discussion over whether the 100 ion/cm3
on the 10 ion/cm3 density level or the maximum denéity gradient position should
be used {see Chappell et al., 1970). The density gradient at the plasmapause is
generally steep enough and prominent enough in most cases that any of the above
choices gives essentially the same result within an accuracy of a few tenths of
an L-shell,

Such is not thg case, however, with the midlatitude trough position. The
vide range of L-shells covered by the troﬁgh has led to a number of ad hoc
dgfinitions. Three definitions employed in earlier trough studies are shown
in Figure 3. In these examples the troughs were defined in terms of the total
electron density and therefore represent the latitudinal profile which results
from the sumﬁation of the separate ion densities, i.e,, from Figure ﬁ, primarily
H+ and 0+. Rycroft and Thomas, 1970 (part (a)), chose the minimum electron
density poipt in tﬁe midiatitﬁdé trough to define the trough location. Im
contrast, Miller, 1970 (part (b)), felt that the change in slope at the low
latitude side of the'trough bottom provided a more meaningful definition.

Brace and Theis, 1973, chose an intermediate point where a straight line
| apéroximation to the electron density prefile on the low latitude side of the
trough crossed the 1000 electron/cm3 point,

Each of these definitions gives a wide variation in the L-shell of the
individually defined trough positions and, consequently, leads to questionable
results when comparisons are made with the equatorial plasmapause location.

Moreover, it appears that the definitions of the trough location are

consistent only with the general idea that the midlatitude trough must be



aséociated in some way with the density-decrease at the equatorial plasma-
pause. In retrospect, it appears that a more physically Significant'aefinition
may have been overlocked completely. From current theories of ionospheric-
magnetospheric coupling, one would expect that the physically important point
in the midlatitude trough profiles is the point where the density begins to
decrease on the low latitude side of the trough because it 1s there that
changes begin to take place in the distribution of ionization in the topside
ionesphere as a consequencé of ﬁpward light ion flow. There are certainly
variations in density at low latitudes associated with neutral winds and
perpendicular electric fields which may occasionally confuse the initial density
decrease point. However it is pﬁssible in most profiles to identify the point
-where the density begins to decrease, forming the low latitude side of the trough.
In the data presented from sounder and in situ probe ekperiments to date this
point is generally found in the range of L=2 to 3. Statistically, this point
is approximately two L-shells inside the plasmapause position and this glaring
différence may have obscured its_iﬁportance.u Whatever the motivating reasons,
the previous trough definitions are non-physical in nature and consequently have
led to some'confusion in understanding the physical relationship between the
trough and the plasmapause. As we show here, the use of the point of initial
densitj decrease on the low latitude side of the trough can lead to a clear
picture of the trough and plasmapause association in terms of ionospheric-
magnetospheric plasma exchange.

A further clarification should be made about studies of the midlatitude
trough. This clarification was first pointed out by Taylor and Walsh (1972)
and concerns the importance of studying the trough signature in light ions as
opposed to total iéﬁ'(or electron) density. Taylor and Walsh were able to show

that the light ion ionospheric trough, as seen 1in H+ lons, was present at all



local times, as is the plasmapause, and therefore provides an improved way
to study the trough-plasmapause association. This is particularly true in the
dayside to?side ionosphere where the high densities of the dominant photo-
ionized 0+ ions tend to mask the changes in H+ density expected at the ionospheric
extension of the plasmapause. Although the work of Taylor and Walsh is
important to studies of the trough it does not alleviate the problem of defining
the precise trough position since even if one examines ﬂ+ variations f{as opposed
to total ions or ne), the range of latitudes covered by the decreasing density
on the Jow latitude side of the light ion trough is large (see Figure 2)., Never-
theless, if we adopt a trough position-using the supgested definition of the low
latitude point where there is an initial H+ density decrease, the 1light ion trough
position occurs at L-shells which are well inside the statistical plasmapause
position. An example of this behavior can be seen, for example, in Taylor and
Walsh, 1972, Figure 5, where the density decreases in light ions are found in the
range of 30° to 50° dipole latitude.

Using the definitions discussed above, previous studies of the trough haﬁe
reached the following conclusions: (1) On the nightside (local times of 2100
to 0600) the trough position and the plasmapause are close to the same field line
and move to decreasiné L-shells with increasing Kp [Rycroft and Thomas, 1970;
Thomas and Andrews, 1968; Burnell and Rycroft, 1970]. (It should be noted that
a definition of the trough was used which gives locations roughly two L-shells
poleward of the Initial low latitude, light ion density decrease.) (2) Using
the light ioné Instead of the total density, the trough can be seen at all
local times and is near the expected ionospheric projection of the plasmapause
(Taylor and Walsh, 1972). (3) Using total electron density at high altitudes
{(>2500 km where H+ is assumed to be the dominant ion) the trough is visible at all

local times and appears to be circular at about L=4 displaying, in contradiction to



~ equatorial plasmasphere measurements, no bulge reglon (Brace and Theis, 1973).
From the féregoing, one finds that the trough aﬁd piasmapause apﬁear to
be co-located on the nightside, but, from (3) above, the trough appears not to
exhibit the prominent bulge region seen in the outer plasmasphere at dusk.
Although real physical differences may exist between the iounospheric
projection of the plasmapause and the trough, it is worthwhile to ask whether
or not the lack of agreement is simply a matter of the ad hoc nature of the
original definitions; i.e., if one uses a more physically meaningful definition
of the trough, will there be an improvement in our understanding of the
association between the trough and plasmapause? In the following work, our
procedure will be to define the trough position as the point of initial decrease
in light ion density on the low la¥itude side of the trough. Using this
definition an examination is made of measurements of the midlatitude trough and
plasmasphere in the light of current theories of thermal plasma flow.

Evidence of Disagreement Between the Midlatitrude Trough and Plasmapause

Although we have already pointed out that the statistical studies of the
trough - plasmapause connection are limitea in their successes and challenged |
‘in their bésic definitions, the evidence concerning the disagreement between
trough and plasmapause position is only indirect. The first study showing this
disagreement explicity was made by Banks and Doupnik, 1973, (It was alsoc alluded
to in an earlier study by Brinton et al., 1971 in their discussion of a "transi~
tion region'")., Banks and Doupnik examined Alouette II sounder data om the
electron density profiles of the topside ionosphere (up to about 2500 km) near
dawn. Using models of the topside ionosphere based on the momentum and
continuity equation for 0+ and H+, they were able to interpret topside electron
density profiles in terms of a large upward flow of H+ ions, They found that

this upward flow was present inside as well as outside the plasmapause and could



be found down to invariant latitudes as_low as 50°A (L=2.,5). At this low
latitude point there was evidence of a trougﬁ in the total electron density.
But as Taylor and Walsh, (1972), pointed out, this is to be expected because

of the masking effect of the dominant O+ in the sunlit ionosphere., Part (b)

of Figure 4 shows three topside density profiles measured at three different
latitudes on the pass, A=72°, 56° and 50°, As Banks and Doupnik point out,
these profiles are consistent with there being a full flow of H+ ions upward
out of the topside ionosphere into the plasmasphere, This flow regime is
generally expected in the plasma trough region outside the plasmapause (Erinton
g£~gll, 1971), but it is surprising to see it inside the plasmapause. Only in
profile (3), which was measured at A=50° (L=2.5) (well inside the expected
plasmapause position), does the u@ﬁurn in the density profile near 2000 km occur.
This upturn is evidence for a tramnsition to a distribution where H+ i in
diffusive equilibrium.

It therefore appears from these data that the transition from a diffusive
equilibrium diétrihution to a polar wind-like upward flow distribution can take
place well inside the plasmapause. Apparently, the transition is not always at
the ﬁlasmapause as has traditionally been thought and this should have an

4mportant influence on the trough position in theltopsidé ionosphere. There must,
then, be another boundary besides the plasmapause which influences the distribu~

tion of ilonization in the topside ionosphere.

The Boundary Between the "Inner and Quter" Plasmasphere

The explanation fof 2 transition from diffusive equilibrium to full flow
| jon distribution inside the plasmapause can be found by considering the £illing
state of the plasmasphere. In particular, it is necessary to ask if all of the
flux tubes insidé’ the plasmapause are full aof plasmé (and therefore in diffusive

equilibrium) subject only to day-night ebb and flow or if some of the magnetic



field tubes in‘the outer portions of the plasmasphere are still in a state of
filling. 1If the tubes of the outer plasmasphere have not come to diffusive
equilibrium, then there can be large upward flows of ionization present on
these flux tubes (an idea of the way filling ﬁroceeds is given by Banks et
al., 1971).

Data on the degree of plasma f£i1ling in the outer plasmaspﬁere has
recently been presented by Park (1973). This information is derived from
whistler data and gives the length of time required for the flux tubes inside
the plasmasphere to reach a saturation level following a geomagnetic storm.
Some of Park's recent data are shown in Figure 5. Here the measured total
electron content of flux tubes ranging from L=2 out to L=6 are plotted-as a
function of time following an isoféted magnetic storm which drove the plasma-—
pause to L-shells as low as 2 or 2.5. The storm onset occurred on June 16,
1965. The curves show the subsequent tube content starting on June 18 and
continuing through Junme 25. It is seen that as the tubes £ill they eventually
reacﬁ a saturation value of total electron content which increases with increasing
1L as a consequence of increasin% flux tube volume.

An important aspect of these measurements is the number of days required
for the flux tubes to reach a saturation content. Using correlated bottomside
sounder data from several stations during this period Park has also found that
the F2~peak of the ionosphere was able to recover to its average density in a
period of about three days but it took up to eighf days for the plasmasphere
. flux tubes mnear L=4 to reach saturation, and in this case the plasmapause itself
is estimated to be outside of 1.=6. Therefore, we see data that following a
magnetic storm there is a boundary established earthward (equatorward) of-the
post storm plasmﬁbﬁuse inside of which the ifonosphere and plasmasphere have

reached a near diffusive equilibrium distribution and ocutside of which the flux



tubes are still filling with large upflows (Park has estimated the daytime
upflow to be 3 x 108 ions/cm2 sec at 1000 km with a nighttime downflov of

1.5 x 108 ions/cm2 sec for this case). As illustrated in Figure 5, this
boundary between the "inner and outer" plasmésphere expands gradually outwafd
(and poleward) to higher L-shells. Note that the boundary is at L=2,5 on

June 18 {2 days after the storm) at L=2,7 on the 19th, at L=2.9 on the 20th and
so on, The precise position of the inner—outer plasmasphere transition can be
quite variable but in general it should depend on: (1) thé length of time
since the previous magnetic sterm and (2) the magnitude of the previous storm,
i.e., the innermost penetration of the plasmapause.

Figure 6 shows a conceptual view of the thermal plasma regimes in the
magnetosphere with the addition of the new boundary of the innerwouﬁer plasma-
sphere. The innermost or lowest latitude region comprises the inmer piasma—
sphere. Here, the flux tubes are "full" and have reached diffusive
equilibrium. The outer boundary of this region is initially co-located at the-
storm time plasmapause position and moves outward as the plasmasphere fills and
the plasmasphere and ionosphe;e come into diffusivé equilibrium (or reach the
"saturation level" as described.by Park). Nevertheless, the inner-outer plasma-
sphere boundary does not always have to begin at tﬁe previous storm—time plasma-
pause. One can envis;ge a situation following a large magnetic storm where Ehe
inner-outer plasmasphere transition zone begins to move outward in respounse to
filling during a very quiet period. Then, the onset of a very small magnetic
storm could move the quiet time plasmapause inwards to iower L-shells but not
'éompletely inte the inner-outer boundary which would continue to fill and move
outwards.

Thé second zone shown in Figure 6 is the outer plasmasphere. Here the

flux tubes are in a filling state with their plasma distribution in an inter-

~10-



mediate state between diffusive equilibrium and full flow. In this region
there are large upward flows of H+'each day even though they have sigpnificant
densities of ions collected neaf the equatorial plane (See Park, 1973, Figure 35.
The outer plasmasphere is bounded on the inside by the inner—outer plasmasphere
transition, and.on the outside by the plasmapause., If the global magnetic
activity remains steady, the outer plasmasphere can pradually fill until the
inner-outer plasmasphere boundary reaches the plasmapause position.

Outside the plasmapause the plasma trough is a region of full upward H+
flow similar to the outer plasmasphere with the exception that in this region
the flux—tubeslare emptied approximately once each day in the afternoon~dusk
sector by the effects of the magnetospheric convection electric field (see
Review by Chappell, 1972). Altﬂough both the outer plasmasphere and plasma-
trough regions are probably regions of full H+ flow, the plasmapause position
is still quite evident between them becauée of the loss of ionization each day
in the plasmatrough and the steady accumulation of ionization in thevouter
plasmasphere.

Finally, the polar cap ;ecpor of open.magnetic fielﬁ line is also a full
rupward flow region (seelBanks and Holzer, 1969). Here the jon flow is along
open field lines and is a continual outflow with no accumulation in the equatorial

regions as occurs in the other zones,

The Effects of the Inner-Outer Plasmasphere Boundary on the Topside Ionosphere
| The upward plasma flows in the different regions shown In Figure 6 can
have a significaht'éffect upon ion and electron densities in the topside
ionosphere. The expected effects are illustrated in Figure 7, taken from Banks
and Doupnik, 1973. This figure shows the distribution aof 0+ and'H+ as a
function of altitude for a variety of flow conditions ranging from a downward

flow of 2.3 x 108 ions/cm2 sec at 3000 km to an upward flow of 1.35 x 108 ions/cm2
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sec. The shaded aréé shows the range of the 0+ distribution of the different
H+ flows with the upper curve of the shaded area corfesponding to the upward
flow of H+ of 1.35 x 108 ions/cm2 sec. The details of the solution of the
different flow distributions are given in Banks and Doupnik, 1973. Similar
solutions have also been given by Mayr et al., 1970 and Brinton et al., 1971,
to illustrate the changing topside ionosphere distribution at the plasmapause.
In Figure 7 the varying flows that are illustrated are a direct result
of the exterﬁal plasma pressure on the topside ionosphere, This varying pressure
is a direct result of the degree to which the flux tubes have been filled and
how the jonization has distributed itself along the field line during filling
(see Mayr et al., 1970 and Banks et al., 1971, for 2 discussion of the filling).
At 2500 km, for example, there c;n be over an order of magnitude change in the
density as one goes from a zero upflow (arrow) tolan vpflow of 1.35 X 108 ions/
cm2 sec, Therefore, when a satellite at 2500 km passes from the inner plasma-
sphere to the QHEEE plasmasphere, it passes from a diffusive equilib¥ium or low
floﬁ region to an intermediate filling region which still contains large upflows.
As a consequence, at this bounéary there should be a density drop of an order
of magnitude or more.
This effect is schematically illustrated in Figure 8 where the expected
2500 km electron density is shown for increasing L-shells ranging from the
inner plasmasphere into the plasmatrough and auroral zone, Within the inner
plasmasphere the density remains relatively constant (excluding Fz—region
~dynamical effects) until the inner-outer plasmasphere boundary is reached.
Here the electron density drops sharply by over an order of magnitude as a
result of the transition from H+ diffusive equilibrium to a flow’regime.
Dwing to uncertaiﬁty in the way plasmasphere refilling occurs, we have included

two dashed curves as alternative ways in which the density fall off mipht
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appear with increasing I.. Until we can galn further information on the
actual distribution of ionizafion along field lines in refilling regions we
can only speculate on how the plasma pressure in the topside ionosphere should
vary with L-value in the filling region of the outer plasmasphere. It may be
possible, however, to use existing sateilite data on the measured slope of the
low latitude side of the trough to gain information about the pressure changes
in the outer plasmasphere.

If the outer plasmasphere region is in full upward flow, there should be
no trace of the plasmapause in the topside ionosphere. If the external pressure
- difference (parallel to the magnetic field lines) present at the plasmapause can
be transmitted to the topside ionosphere, then there would be a change of flow

p

with a corresponding change in topside density. Finally, the auroral zone and
polar cap portion of the topside profile is strongly affected by variations
in Fz—layer density ionization caused by electron precipitation,

The effect of the inner-outer plasmasphere boundary in forming the low
latitude edge of the topside ionospheric trough has been verified by at least
one correlative study of the two-regions. Part (a) of Figure 9 shows H+
measurements from an outbound pass of 0GO-5 through the plasmasphere in the after-
noon sector at 0133 -.0251 UT on August 18, 1973. Part (b) of the figure shows
an Alouetfe II pass over the same L~shells about two hours later in universal and
local time. If one assumes approximate corotation of plasma at these lower L-
shells, the two passes should be looking at very mearly the same flux tubes. We
note that in the 0GO-5 data there is a sudden drop in H+ density at L=2.6 (giving
evidence of a previous storm time plasmapause) and another drop at L=6.5 (the
nofmal bulge region plasmapause). The drop at L=2,6 probably represents the
boundary between tﬁ; inner and outer plasmasphere which appears prominently in‘

the Alouette II density data at L=2.5. This correlation verifies the close
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connectioﬁ between the midlatitude trough and the inner—outer plasmasphere
boundary. The density drop of almost two orders of mégnitude at L=6.5 in the
0G0-5 data, however, is not obvious in the Alouette data. Clearly, in this
case at least, the density variation which would be characteriied as the mid-
latitude trough in the Alouette II data corresponds to the inner-outer plasma-
sphere boundary and not the equatorial plasmapause which falls at 1=6.5.

The Relationship Between the Midlatitude Trouph and the Plasmapause

It appears from the above discussion that the initial low latitude density
decline associated with the midlatitude trough is the tramsition zone between the
inner and outer plasmasphere. This.boundary is only occasionally found at the
plasmapause. The most favorable conditions for agreement between the plasmapause
and the low latitude side of midl;titude trough probably occurs on the nightside when
downflows from the plasmasphere.intc the ionoéphere are present. In particular,

"at the onset of high magnetic activity when the plasmapause is driven to low L~
values,the inner-outer boundary of the plasmasphere and the plasmapaﬁse are
established simultaneously at about the same L~shell. A second possible set of
circumstances leading to co-location of the plasmapause and trough could be after
a long period of steady magnetic disturbance during which the inner-outer plasma-
sphere boundary has filled out to the corotation-convection boundéry which creates
the plasmapause. Such a situation would require that the plasmapause position
remain steady during a complete filliné time (about 5 to 8 days).

What is the significance of the dayside trough? In total ion/electron
density it probably represents only the decrease in 0+ density with increasing
latitude arising from a decreasing solar zenith angle on the low latitude side
and the increase.in density due to precipitation in the polar cusp on the high
latitude side. In light ions the dayside trough probably is the signature of

the inner—outer plasmasphere boundary which can be the same as the plasmapause
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only for the special filling éonditions discussed in the previous paragraph.
Does one expect a "bulge" in the midlatirude trough which is p?ésent in -
the plasmasphere? This does not appear to be the case for several reasons.
First, the inner-outer plasmasphere boundary is generally found at relatively
low L-shells (L=2 to 3) where corotation is the dominant influence on the drift
of flux tubes. The convection électric field should have very little influemnce
at these low L-shells and, cpnsequently, the projection of this boundary would
be nearly circular. Comsequently, its signature in the ionosphere as the low
latitude side of the trough should also be roughly circular., A second reason
for a circular trough within the topside ionosphere may be associated with the
fact that if the tubes of the inner plasmasphere did drift to higher L-shells

in the dusk sector, their volumes would increase and the resulting lowering in

+
pressure would induce an upflow of H , thereby eliminating the trough signature.
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Summarz

In this paper we have introduced the effect on tﬂe topside ionosphere
of the inner-outer plasmasphere boundary as defined by Park and have suggested
that 1t is the dominant factor influencing the low latitude éide of the mid-
latitude ionospheric trough. It appears that the plasmapause and midlatitude
trough are co-located only for special conditions and that previous statistical
studies have failed to show this distinction because of somewhat arbitrary
definitions of the trough position. The agreement between the point of imitial
density decrease on the low latitude side of the ionospheric trough has been
substantiated in a iimited nunber of cases through the use of 0G0-5 and

Alocuette I1 correlative data,
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Figure Captiocns

Figure 1 -~ A sketch of the Ipner magnetosphefc showing the plagmasphere and the
ionosphere. The dashed line illustrateé the path of a polar orbiting satellite in
the topside ionosphere. A sketch of the expected topside density profile is shown
in the top right-hand side of the figure. The dotted line illustrates an equatorial
orbiting satellite pass through the equétorial plasmasphere with the expected density

profile shown in the lower right-hand corner of the figure. The shaded region rep-

resents the plasmasphere,

Figure 2 — An example of ion density measurements in the topside ionosphere as
measured by the mass spectrometer on the Ogo 4 polar orbiting satellite. The trough
U

position is evident on each side of the equator at dipole latitudes of 40° to 70°.

Figure 3 ~ Three different definitions of the midlatitude ion trough position.
Part (a) is taken from Rycroft and Thomas (1970) and uses the minimum point as the
trough definition. Part (b) is from the work of Miller (1970) and uses the chénge in
slope as the definition of the tfddgh. Part (c) from Brace and Theis, 1973, uses

the 1000 electron/cm3 level as the trough position definition.

Figure & — Alouette II data taken from Banks and Doupnik (1973). Part (a) shows
the density versus invariant latitude for several altitudes on a dawn (0821 local
time) pass. Part (b) shows three electron density profiles in the topside ionosphere

measured at three different invariant latitudes along the satellite pass, 72°, 56°

and 50°.

Figure S ~ Whistler measurements from Park, 1973, on the refilling of the
plasmasphere following the magnetic storm of June 16, 1965. This figure shows the
total electron tube content as a function of.L for successive days beginning June 18,
“2 days following the storm. The tubes are seen to fill up to a saturation level shown

by the heavy solid line.
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Figure 6 - A cketch showing the different zones of thermal plasma density in
the magnetosphere. In this sketch the inner plasmasphere has been added to the
previously described regions of the outer plasmasphere, the plasmatrough, and the

polar wind.

Figure 7 -~ A plot of the distribution of B and 0" ions in the topside

ionosphere taken from Banks and Doupnik, 1973, The different distributions represent
changing flux conditions at the 3000 km boundary level, The H+ fluxes at

- 3000 “km  vary from 1.35 x 108 ions/cm2 sec upward to 2.3 x 108 ions/ém2 sec down—
ward, The shaded region represents the variation in the 0+ profile for varying H+
fluxes with the top curve of the shaded region representing an upward H+ flux of

1.35 x 108 ions/cm2 sec. The diffugive equilibrium or zero flux H profile is shown

by the arrow.

Fipure 8 - A sketch of the expected ion density variations in the topside
ifonosphere., The density drops significantly at the boundary between the inner and
outer plasmasphere. The exact nature of the drop with increasing L is unknown
. because of the unknown f£illing distribution of ionization along the magnetic field

in the outer plasmasphere and plasmatrough. The high latitude increase in ionization

is due to auroral precipitation.

Figure 9 ~ 0GO-5 and Alouette II correlative data taken on August 18, 1973
showing the ipnmer-outer plasmasphere boundary signature in both the plasmasphere
and topside ionosphere. In this refilling situation this boundary is seen to occur

at about L=2.6 well inside the plasmapause boundary at L=6.5.
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